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SURYLGHVERXQWLIXOFKDOOHQJHIRU WUDIILF UHJXODWRU\DXWKRULW\ WRPDQDJH ODUJH WUDIILF6HYHUH WUDIILFFRQGLWLRQVPD\
FDXVH ORVV RI OLIH E\ PHDQV RI DFFLGHQWV DQG DVVRFLDWHG WKUHDWV LPSRVHV JUHDW FKDOOHQJH WR JHQHUDO SXEOLF 7KH
KHWHURJHQHRXV W\SHRI WUDIILFRQ WKH URDGVDOVR LPSDFWYHKLFXODUPRYHPHQW WKDW FDXVHVDEQRUPDO VLWXDWLRQGXH WR
ZKLFKWKHUHDUHORWRIWUDIILFMDPVDQGFRQJHVWLRQRQWKHURDGV7KLVUHVXOWVLQORQJYHKLFXODUTXHXHVZKLFKFDXVHD
ORWRIIXHOFRQVXPSWLRQDQGSROOXWLRQE\HPLVVLRQRI&29HKLFOHFRXQWLQFUHDVHE\SHUFHQWGXULQJWKHGXUDWLRQ
RI WR)RU WKHGXUDWLRQRI WKHQXPEHURI URDGFDODPLWLHVZDVDVD UHVXOWRIZKLFK WKH
FRXQW RI GHDWKV ZHUH   DQG LQMXU\ RI   SHUVRQV LQ ,QGLD 7KXV WKHUH LV D FULWLFDO QHHG IRU DQ
,QWHOOLJHQW 7UDQVSRUW 6\VWHP ,76 ZKLFK KHOSV WR SURYLGH RSWLPXP URXWH IRU YHKLFOHV WR WKHLU GHVWLQDWLRQ DQG
WKHUHE\UHGXFLQJWKHWUDYHOLQJFRVWRQDFFRXQWRIZDVWDJHRIWLPHRQWUDIILFMDPVDQGFRQJHVWLRQ
9HKLFOHVDUHHTXLSSHGZLWKLQEXLOWVHQVRUXQLWVZKLFKDUHFDSDEOHRIVHQVLQJDQGFRPPXQLFDWLQJZLWKHDFKRWKHU
DQG UHVXOW LQ DGKRF FRPPXQLFDWLRQ QHWZRUN 7KH UHVXOWLQJ QHWZRUN LV FDOOHG 9HKLFXODU $GKRF 1HWZRUN
9$1(7V9$1(7VLVDVXEVHWRI0RELOH$GKRF1HWZRUN0$1(7VZKLFKDOORZVPRYLQJYHKLFOHVWRZLUHOHVV
FRPPXQLFDWHZLWKHDFKRWKHUZLWKRXWUHTXLULQJDQ\FHQWUDODFFHVVSRLQW9$1(7VEDVLFDOO\XVHV'HGLFDWHG6KRUW
5DQJH&RPPXQLFDWLRQ'65&,Q9$1(7VYHKLFOHVFDQFRPPXQLFDWHZLWKRWKHUYHKLFOHVDQGDOVRZLWKURDGVLGH
LQIUDVWUXFWXUH E\ WKH PHDQV RI ZLUHOHVV DFFHVV LQ YHKLFXODU HQYLURQPHQW :$9( 9HKLFOH WR 9HKLFOH 99
FRPPXQLFDWLRQRFFXUXVLQJRQERDUGXQLWV 2%8VDQG9HKLFOH WR,QIUDVWUXFWXUH9,FRPPXQLFDWLRQRFFXUZLWK
WKH KHOS RI 2%8V  WR URDGVLGH XQLWV 568V 9$1(7V SRVVHVV FKDUDFWHULVWLFV VXFK DV KLJKPRELOLW\ IUHTXHQW
FKDQJHLQWRSRORJ\QRSRZHUFRQVWUDLQWVVSDUVHDQGGHQVHQRGHGHQVLW\UDQJHEHWZHHQPWRPH[SHQVLYH
LQIUDVWUXFWXUH ZHDN PXOWLKRS URXWLQJ UHJXODU FKDQJH LQ SDWWHUQ RI QRGHV XVH RI LQEXLOW HOHFWURQLF XQLWV DQG
SRVLWLRQDFTXLVLWLRQWKURXJK*OREDO3RVLWLRQLQJ6\VWHP*36
9$1(7 DSSOLFDWLRQV UHTXLUH GLIIHUHQW VRUW RI EDQGZLGWK DQG FRYHUDJH DUHD 7KHVH UHTXLUHPHQWV DUH EDVHG RQ
VSHFLILF WLPH DQG ORFDWLRQ 7KH YDULRXV WHFKQRORJLHV XVHG IRU ZLUHOHVV DUH :RUOGZLGH ,QWHURSHUDELOLW\ IRU
0LFURZDYH $FFHVV :L0$; FHOOXODU QHWZRUNV VDWHOOLWH DQG :LUHOHVV /RFDO $UHD 1HWZRUN :/$1 FDQ EH
DGRSWHGIRU9$1(7,(((SLVJHQHUDOO\UHIHUUHGWRDV'65&VWDQGDUG'65&LVEDVHGRQ*+]IUHTXHQF\
VSHFWUXP DQG SDUWLWLRQ WKH DYDLODEOH EDQGZLGWK LQWR VHYHQ FKDQQHOV KDYLQJ  0+] HDFK 7KH ZLUHOHVV
FRPPXQLFDWLRQ EHWZHHQ YHKLFOHV DVVLVW LQ GLVVHPLQDWLQJ GLIIHUHQW W\SHV RI LQIRUPDWLRQ IRU DYRLGLQJ WUDIILF MDPV
RSWLPDOSDWKVHOHFWLRQIURPVRXUFHWRGHVWLQDWLRQVDIHW\LQIRUPDWLRQIRUDYRLGLQJDFFLGHQWVHWF9$1(7VDUHDOVR
XVHGIRUDSSOLFDWLRQVVXFKDVHQWHUWDLQPHQWDSSOLFDWLRQOLNHYLGHRVKDULQJQHDUHVWKRWHOORFDWLRQILOOLQJVWDWLRQHWF
DQGVDIHW\DSSOLFDWLRQOLNHFROOLVLRQDYRLGDQFHHPHUJHQF\YHKLFOHZDUQLQJSXEOLFVDIHW\HWF7UDIILFPDQDJHPHQW
DQGGULYHUDVVLVWDQFHDUHDOVRSRVVLEOHZLWKWKHKHOSRI9$1(7V
5RXWLQJLPSRVHVSURGLJLRXVFKDOOHQJHLQ9$1(7VGXHWRFKDUDFWHULVWLFVVXFKDVPRELOLW\DQGIUHTXHQWFKDQJHLQ
QRGH GHQVLW\ 6R FRPPXQLFDWLRQ EHWZHHQ YHKLFOHV DQG URDGVLGH LQIUDVWUXFWXUH KDV EHFRPH RQH RI WKH PRVW
SHUSOH[LQJ WDVN$ ORW RI5HVHDUFKKDVEHHQ FDUULHGRXWE\ UHVHDUFKHUV WRGHYHORSGLIIHUHQW W\SHVRISURWRFROV WR
VXSSRUW YDULRXV DSSOLFDWLRQV LQ 9$1(7V 7KHVH SURWRFROV FDQ EH FKDUDFWHUL]HG DV EURDGFDVW URXWLQJ SURWRFRO
JHRFDVWURXWLQJSURWRFROIRUZDUGLQJURXWLQJSURWRFROFOXVWHUEDVHGURXWLQJSURWRFRO EHDFRQLQJURXWLQJSURWRFRO
SRVLWLRQEDVHGURXWLQJSURWRFROGHOD\WROHUDQWURXWLQJSURWRFRODQGDGKRFURXWLQJSURWRFRO&OXVWHULQJSURWRFROLQ
9$1(7VUHTXLUHFRQVLVWHQWVSHHGDVZHOODVPRELOLW\ WRPDNHFOXVWHUZKLFKLVDGLIILFXOW WDVNIRUDOO WKHYHKLFOHV
ZKLOHDGKRFSURWRFROVDUHPRVWO\XVHGLQ0$1(7DQGKDYHEHHQWHVWHGLQ9$1(7HQYLURQPHQWWRR
6KRUWHVWSDWKDOJRULWKPLVPRVWO\UHTXLUHGIRUVRXUFHWRGHVWLQDWLRQZKHQWKHUHLVWUDIILFMDPRURWKHUFDODPLW\
7R DGGUHVV WKLV SUREOHP VKRUWHVW SDWK URXWLQJ SURWRFRO LV QHFHVVDU\ IRU HPHUJHQF\ YHKLFOHV GLVDVWHU UHFRYHU\
YHKLFOHVDQGILUHEULJDGHYHKLFOHV7KHVHURXWLQJSURWRFROPD\XVHURDGVLGHLQIUDVWUXFWXUHWRILQGVKRUWHVWURXWHIURP
VRXUFH WR GHVWLQDWLRQ0RVW RI WKH SURSRVHG SURWRFROV IRU VKRUWHVW SDWK URXWLQJ DUH H[WHQGHGZLWK'LMNVWUD¶V DQG
%HOOPDQ)RUGDOJRULWKP7KHVHDOJRULWKPVKHOSWRILQGVKRUWHVWSDWKWRWKHGHVWLQHGORFDWLRQ7KHPDLQJRDORIWKHVH
SURWRFROVLVWRVHQGSDFNHWVZLWKPLQLPXPGHOD\
7UDGLWLRQDO WUDIILF OLJKWFRQWURO V\VWHPLVEDVHGRQVWDWLFDSSURDFK LH WUDIILF OLJKWFKDQJHVDIWHU IL[HG LQWHUYDO
7KLVVWDWLFEHKDYLRURIWUDIILFOLJKWVRPHWLPHUHVXOWVLQHPHUJHQF\YHKLFOHKDYLQJWRZDLWUHODWLYHO\ORQJHUDWURDG
MXQFWLRQ6RWKHUHLVXUJHQWQHHGRILQWHOOLJHQWWUDIILFOLJKWFRQWUROV\VWHPZKLFKLVEDVHGRQ9$1(7VDQGFKDQJHV
DFFRUGLQJWRYHKLFOHVGHQVLW\LQSDUWLFXODUODQH,WPXVWEHDGDSWLYHO\FRQWUROOHGE\WUDIILFUHJXODWRU\DXWKRULW\DQG
EDVHGRQWUDIILFGHQVLW\PHVVDJHVVHQWE\568VZKLFKDUHFORVHWRLQWHOOLJHQWWUDIILFOLJKWV
7KLVSDSHUDLPVWRILQGVKRUWHVWSDWKEHWZHHQVRXUFHDQGGHVWLQDWLRQE\FRQVLGHULQJSUHVHQWYHKLFXODUFRQGLWLRQ
DQG WUDQVPLVVLRQ FKDUDFWHULVWLF EDVHG RQ VKRUWHVW URXWH UHTXLUHG E\ FRUUHVSRQGLQJ SDFNHWV WR WUDYHO IURP YHKLFOH
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VRXUFHDQGYHKLFOHGHVWLQDWLRQZLWKWKHKHOSRI5687KHSDSHUGHYHORSVDQLQWHOOLJHQWWUDIILFOLJKWFRQWUROV\VWHP
WKDWUHGXFHVDYHUDJHZDLWLQJWLPHRQURDGMXQFWLRQ
7KHSDSHULVVWUXFWXUHGDV6HFWLRQUHYLHZVWKHUHODWHGZRUN6HFWLRQSUHVHQWVWKHSURSRVHGQHWZRUNPRGHODQG
DVVXPSWLRQ6HFWLRQSUHVHQWV WKHSURSRVHGZRUN6HFWLRQ VKRZVVLPXODWLRQDQGUHVXOWVDQG)LQDOO\6HFWLRQ
FRQFOXGHVWKHSDSHU

5HODWHG:RUN
,QWHOOLJHQW7UDQVSRUW6\VWHP,76LVRQHRI WKHPRVWFKDOOHQJLQJDUHDRIUHVHDUFK,Q WKHSDVW\HDUVDFDGHPLF
SURIHVVLRQDOV UHVHDUFKHUV DQG WUDQVSRUW HQJLQHHUV KDYH SURSRVHG QXPEHU RI VKRUWHVW URXWLQJ DQG DGDSWLYH WUDIILF
OLJKWFRQWUROV\VWHPWKDWDUHEDVHGRQ LQFUHDVLQJYHKLFOHVUDWHDQGDOORZYHKLFOHV WRPRYHVDIHO\DQG LQFUHDVH WKH
FRPIRUWRIWUDYHOHUV
/RXOORXGHVHWDOSURSRVHGVFKHPHWKDWFRQVLGHUWKHFKDQJLQJDVSHFWVRI9$1(7VLQXUEDQVFHQDULRDQGH[SORUH
WKHLQIOXHQFHRIWKLVVFKHPHLQWKHGHVLJQRI9$1(7URXWLQJSURWRFROV7KH\VWXGLHGWKHYDULRXVQHWZRUNLQJVKDSHV
IRU9$1(7VXQGHUGLIIHUHQWWUDQVPLVVLRQDQGSHQHWUDWLRQUDQJHVXVLQJERWKUHDODQGUHDOLVWLFPRELOLW\WUDFHV7KH\
DVVXPHGWKDW568
VQHHGWREHDUUDQJHGIRUVKDULQJLQIRUPDWLRQWRYHKLFOHVLQDQXUEDQDUHDDQGVWXGLHGWKHLULPSDFW
RQYHKLFXODUFRQQHFWLYLW\
=KDQJHWDOVWXGLHGWKHSUREOHPRIWUDFNLQJSUHYDOHQWLQ9$1(7VDQGSURSRVHGWZRGLIIHUHQWW\SHVRIVROXWLRQV
QDPHGDV$UHD%DVHG7UDFNLQJ$%7DQG3DUNHG9HKLFOH$VVLVWHG7UDFNLQJ39$77KH\DOVRVKRZHGWKDW$%7
ZRUNHGZHOO LI WKHGHOD\VLQGDWD WUDQVPLVVLRQIURPVRXUFHWR WDUJHWZHUHVPDOOHQRXJKDQG39$7ZRUNHGDVDQ
HQKDQFHPHQW RI $%7 DQG FRXOG EH XVHG ZKHQ WKH GHOD\V LQ GDWD WUDQVPLVVLRQ IURP VRXUFH WR WDUJHW ZHUH
FRPSDUDWLYHO\ODUJH
.XPDU HW DO UHIOHFWHGRQSUREOHP WKDWZDVEDVHGRQ WKH VHOHFWLRQRIRSWLPDOQH[WKRSEHWZHHQ WZRYHKLFOHV
HQURXWHXVLQJEDVLFYLHZRI9$1(7V$IWHUDFFXUDWHHVWLPDWLRQRIWKHRSWLPDOQXPEHURIKRSVWKHSURSRVHGZRUN
VHOHFWHGWKHRSWLPDOVHWRIQH[WKRSRIQRGHZKLFKGHSHQGHGRQVSHHGDQGLQWHUQRGHGLVWDQFHIRUIXUWKHULQFUHDVLQJ
WKHSUHGLFWDEOHURXWHWLPH
6KHQJOHL HW DO SURSRVHG D URXWH RSWLPL]DWLRQ DOJRULWKP ZKLFK ZDV XVHG WR UHGXFH WKH URXWLQJ SUREOHP ,W
LQFUHDVH WKH URXWHV OLIH WLPH LQ9$1(7EDVHG VFHQDULR XVLQJERWK2%8DQG5687KH\ FRPELQHG WKHSURSRVHG
VFKHPHZLWK$GKRF2QGHPDQG'LVWDQFH9HFWRU5RXWLQJ$2'9/RFDWLRQ$LGHG5RXWLQJ/$5SURWRFROVIRU
HYDOXDWLQJWKHSHUIRUPDQFH7KHVLPXODWLRQUHVXOWVKRZHGWKDWWKHUHZDVLPSURYHPHQWLQGDWDWUDQVPLVVLRQ
6KHNDUHWDOXVHG'LMNVWUD¶VDOJRULWKPZKLFKZDVXVHGWRILQGRXWWKHVKRUWHVWSDWKFRQVLGHULQJQRQUHFXUULQJ
FRQJHVWLRQ ZKLFK RFFXUUHG GXH WR XQZDQWHG DQG XQSUHGLFWDEOH LQFLGHQWV WKXV VHOHFW RSWLPDO SDWK DQG XWLOL]H
PLQLPXP WLPH WR WKH GHVWLQHG ORFDWLRQ 9$1(7 EDVHG XVHIXO QDYLJDWLRQ V\VWHP IRU DPEXODQFHV ZDV GHSOR\HG
WKURXJKDFHQWUDOL]HGGLVSDWFKFHQWHU,WKHOSHGWRUHPRYHXQSUHGLFWDEOHMDPVDQGVHOHFWHGWKHVKRUWHVWSDWKWRWKH
GHVWLQHG ORFDWLRQ EDVHG RQ DOUHDG\ VWRUHG SUHYLRXV GDWD 7KH\ DOVR XVHG WKH XSGDWHV IURP UHDO WLPH WUDIILF
LQIRUPDWLRQ+RZHYHUWKHSURSRVHGVFKHPHEDVHGRQZLGHVSUHDGDYDLODELOLW\RIPHWURWUDQVSRUWV\VWHPWKDWMRLQHG
DOOWKHGLIIHUHQWORFDWLRQVRIFLW\ZLWKGLVSDWFKFHQWHU
3DQDKL HW DO SURSRVHG V\VWHP ZKLFK ZDV GHYHORSHG XVLQJ UHDO WLPH FRQGLWLRQ RI WUDIILF DQG *HRVSDWLDO
,QIRUPDWLRQ6\VWHP*,67KHGHYHORSHGV\VWHPIRXQGG\QDPLFVKRUWHVWSDWKWKDWZDVXVHGIRUHPHUJHQF\YHKLFOH
SDWKVHOHFWLRQ,WZDVEDVHGRQ'LMNVWUDDOJRULWKPWRVHOHFWWKHVKRUWHVWSDWK
6KLUDQLHWDOSURSRVHGWZRDOJRULWKP7KHILUVWDOJRULWKPZDVXVHGWRSUHGLFWWKHZHLJKWDJHRIGLIIHUHQWSDWKV
IURPVRXUFH WRJLYHQGHVWLQDWLRQDQGVHOHFWVKRUWHVWSDWK7KHVHFRQGDOJRULWKPZDVXVHG WRNHHS WKH WUDIILF OLJKW
JUHHQDQGSURYLGHDEVROXWHSULRULW\IRUWKHHPHUJHQF\YHKLFOHVXFKDVDPEXODQFHEDVHGRQDGDSWLYHFRQWURORIWUDIILF
OLJKW
6HHWKDODNVKPL HW DO VHOHFWHG WKH HOLJLEOH SDWK ,WZDV EXLOW FRQVLGHULQJSRZHU FRQVXPSWLRQRI YDULRXV QRGH
WUDIILF FDSDFLW\DQGQXPEHURI LQWHUQRGHV LQ WKHJLYHQQHWZRUN7RFDOFXODWH WKHEHVW URXWLQJ VLPSOH UXOHVZHUH
FUHDWHG7KHVHUXOHVZHUHEDVHGRQIX]]\DQGURXJKVHWSURFHGXUHV,WZDVDOVRXVHGIRUFDOFXODWLQJSDWKYHFWRUDQG
UHPRYH LUUHOHYDQW UHVRXUFH DQG DWWULEXWHV 7KH JLYHQ UXOHV ZHUH HVWLPDWHG XVLQJ YDULRXV SURDFWLYH DQG UHDFWLYH
SURWRFROV 7KH VLPXODWHG HQYLURQPHQW XVHG YDULRXV SURWRFROV VXFK DV 'HVWLQDWLRQ6HTXHQFHG 'LVWDQFH9HFWRU
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'6'9$2'9DQG'\QDPLF6RXUFH5RXWLQJ'65,WZDVEDVHGRQWKHVHPHWULFVVXFKDV WKURXJKSXWDYHUDJH
HQGWRHQGGHOD\WRWDOHQHUJ\FRQVXPHGDQGSDFNHWGHOLYHU\UDWLR
<RXVHIHWDOGHVLJQHGZRUNWKDWXWLOL]HGWKHWUDIILFOLJKWFRQWUROOHUVHIIHFWLYHO\DQGHIILFLHQWO\,WPDQDJHGWKH
WUDIILFOLJKWDGDSWLYHO\7KHV\VWHPGHYHORSHGQHZWUDIILFLQIUDVWUXFWXUHEDVHGRQ:LUHOHVV6HQVRU1HWZRUN:61
DQGKHOSHGWRFRQWUROWUDIILFOLJKWV\VWHPDGDSWLYHO\
&ROOLQVHWDOSUHVHQWHGDQGGHYHORSHG7UDII&RQ,WZDVXQLTXH7UDIILF0DQDJHPHQW6\VWHP706EDVLFDOO\
XVHGIRUZLUHOHVVYHKLFXODUQHWZRUNV,WFRQIOLFWHGZLWKWKHSUREOHPRIYHKLFXODUQHWZRUNDQGGHYHORSHGDQRSWLPL]H
SURFHGXUH IRU SUHVHQW URDG GHQVLW\  ,W SURYLGHG DQ DUFKLWHFWXUH EDVHG RQ VHUYHUVLGH PRGXOH XVHG IRU GHFLVLRQ
PDNLQJ,WZDVXVHGIRUWKHEURDGFDVWLQJRIYDULRXVLQVWUXFWLRQVWRQHDUHVWYHKLFOHV
0DVOHNDU HW DO SURSRVHG V\VWHP WKDW FRXOG DGDSWLYHO\ FRQWURO WUDIILF VLJQDO ,WZDVEDVHGRQ FRPPXQLFDWLRQ
EHWZHHQ YHKLFOHV WR YHKLFOHV 7KH SURSRVHG V\VWHP UHGXFHG WKH TXHXH OHQJWK DQG DYHUDJH ZDLWLQJ WLPH RI WKH
YHKLFOHV DW WKH URDG MXQFWLRQ 7KH JLYHQ V\VWHPZDV WHVWHG QHDU WKH URDG MXQFWLRQ DQG LWZDV FROOLVLRQ IUHH 7KH
SURSRVHGV\VWHPZDVFRPSDUHGZLWKDFODVVLFDOSUHWLPHGV\VWHP7KHVLPXODWLRQVUHSUHVHQWHGWKHFRPPXQLFDWLRQ
GHOD\EHWZHHQYHKLFOHDQGWUDIILFVLJQDO,WGLGQRWPDNHDQ\FRPSURPLVHZLWKWKHHIILFLHQF\RISURSRVHGV\VWHP
1HWZRUN0RGHODQG$VVXPSWLRQ
7KH DXWRPDWLRQ SURFHVV IRU WKH SURSRVHG VFKHPH XVHV D QHWZRUN PRGHO WKDW LQFOXGHV ERWK 99 DQG 9,
FRPPXQLFDWLRQ,WLVDVVXPHGWKDW568
VDUHSODFHGQHDUHYHU\URDGLQWHUVHFWLRQZKHUHWUDIILFOLJKWVDUHLQVWDOOHGDV
VKRZQ LQ)LJXUH(DFK568FRXQWV WKHQXPEHURIYHKLFOHV LQ VSHFLILF ODQHVZLWKLQ LWV WUDQVPLVVLRQ UDQJH7KH
568V VHQG WKLV LQIRUPDWLRQ WR 7UDIILF 5HJXODWRU\ $XWKRULW\ 75$ ZKLFK PDQDJHV WKH WLPLQJ RI DOO WKH OLJKWV
WKURXJKDG\QDPLFWUDIILFOLJKWV\VWHP7KHQ75$VHQGVDPHVVDJHWKDWFRQWDLQVWUDIILFOLJKWWLPLQJLQIRUPDWLRQWR
HDFK WUDIILF OLJKW MXQFWLRQ IRU G\QDPLFDOO\ XSGDWLQJ WKH GXUDWLRQ RI DOO WKH WUDIILF OLJKWV 7KH SURSRVHG VFKHPH
XWLOL]HV WKH WUDQVPLVVLRQ LQIRUPDWLRQRIPHVVDJHVFROOHFWHG WKURXJK568 WRPHDVXUHPHDQGHOD\SDFNHWGHOLYHU\
UDWLRDQGQXPEHURIYHKLFOHVLQSDUWLFXODUODQH%DVLFDOO\568VRSHUDWHVDVDQH[FKDQJHURIPHVVDJHEHWZHHQ75$
DQGWUDIILFOLJKWFRQWUROOHU
0RUHRYHUYHKLFOHVFRPPXQLFDWHZLWKHDFKRWKHUIRUWUDQVPLWWLQJUHDOWLPHLQIRUPDWLRQEDVHGRQPHDQGHOD\DQG
RWKHUDOWHUQDWLYHURXWHVWRLWVGHVWLQHGSDWK$OVR568VDUHXVHGDVLQIUDVWUXFWXUHIRUORQJGLVWDQFHFRPPXQLFDWLRQ
DQGXVH'65&SURWRFROEDVHGRQ,(((S'XHWRUHODWLYHO\KLJKHUIUHTXHQF\RIFKDQJHVLQYHKLFXODUGHQVLW\
DQG PRELOLW\ SDWWHUQV D G\QDPLF EURDGFDVW UDQJH IRU YHKLFXODU WUDQVPLVVLRQ DUH FRQVLGHUHG 7KLV SURYLGHV WKH
YHKLFOHVXSWRGDWHLQIRUPDWLRQDERXWWKHWUDIILFFRQGLWLRQLQLWVGHVWLQHGURXWHLQVKRUWHVWSRVVLEOHWLPHVRWKDWWKH\
FDQUHDFWSULRUWRWKHSRLQWDWZKLFKWKHUHLVDQ\DEQRUPDOWUDIILF,WDOVRKHOSVWKHYHKLFOHVWRILQGQHDUHVWURXWHZLWK
PLQLPXPGHOD\E\UHFHLYLQJPHVVDJHIURPQHLJKERULQJYHKLFOHV7KHPRELOLW\DQGDFWLYLW\ILOHVDUHJHQHUDWHGE\
6LPXODWLRQRI8UEDQ0RELOLW\68026LPXODWRUDQGKDYHEHHQXWLOL]HGLQWKHSURSRVHGZRUNWRVLPXODWHVHPL
UHDO WLPH WUDIILF VFHQDULR IRUXUEDQ URDGVEDVHGRQYHKLFXODUSDUDPHWHUV OLNH WKHLU FXUUHQW FRRUGLQDWHV VSHHG WULS
VWDUWDQGWULSHQGGXUDWLRQ




)LJ568VLQVWDOOHGQHDUURDGMXQFWLRQ
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3URSRVHG:RUN
7KHH[LVWLQJSURWRFROVIRUSURYLGLQJHIIHFWLYHYHKLFXODUPRYHPHQWVEDVHGRQYHKLFXODUDGKRFQHWZRUNVXVHGRQO\
PRELOLW\WUDFHVIRUVHPLUHDOWLPHVLPXODWLRQRI68027KHSURSRVHGVFKHPHDGGVDFWLYLW\ILOHEDVHGLQIRUPDWLRQWR
IXUWKHUHQKDQFHWKHHIILFLHQF\RIV\VWHP7KHSURSRVHGZRUNXVHVWKH$OJRULWKP

$OJRULWKP5RXWH6HOHFWLRQ8VLQJ$FWLYLW\)LOH
Input: Number of vehicles, Activity file, Mobility File, Simulation time 
Assumption: RSU near each road junction 
%HJLQ
IRUHDFKYHKLFOHGR
&UHDWHDFWLYLW\WDEOH
ZKLOHHDFK568QHDUURDGMXQFWLRQGR
LI9HKLFOHHQWU\H[LVWLQDFWLYLW\WDEOHDQGLQ568UDQJHWKHQ
0DUNLWDVDFWLYH
)RUHYHU\7XQLWVRIWLPH
6WDUWVHQGLQJPHVVDJHE\HDFKYHKLFOHWR568DWSDUWLFXODUWLPHLQWDEOH
)LQGWKHQXPEHURIYHKLFOHVVHQGLQJPHVVDJHXVLQJ,GLQSDUWLFXODUODQH
&DOFXODWHWKHSDFNHWGHOLYHU\UDWLRIRUYHKLFOHLQSDUWLFXODUODQH
&DOFXODWHPHDQGHOD\IRUYHKLFOHLQSDUWLFXODUODQH
HQGLI
LI0HDQGHOD\!7KUHVKROGWKHQ
6HQGPHVVDJHURDGLVFRQJHVWHGDQGVHOHFW568ZLWKPLQLPXPPHDQGHOD\
6HQG3DFNHWGHOLYHU\UDWLRDQGPHDQGHOD\WRWUDIILFUHJXODWRU\DXWKRULW\
7UDIILFUHJXODWRU\DXWKRULW\DGDSWLYHO\FKDQJHWUDIILFOLJKWEDVHGRQGDWD
HQGLI
HQGZKLOH
HQGIRU
LIYHKLFOHRXWRIUDQJHWKHQ
0DUNLWDVSDVVLYH
%UHDN
HQGLI
(QG

7KHSURSRVHGVFKHPHXVHV68026LPXODWRUWRILUVWFUHDWHDQDFWLYLW\ILOHIURPWKHPRELOLW\VLPXODWRU7KHQD
QRGHDFWLYLW\KHOSHUFODVV LVEXLOW LQQHWZRUNVLPXODWRU16 WKDWXVHV WKHDFWLYLW\ILOHFUHDWHGLQ WKHLQLWLDOVWHS
7KH UHTXLUHPHQW RI95 FRPPXQLFDWLRQ LV WKHQ IXOILOOHG E\ SRVLWLRQLQJ568¶V DW DOO FULWLFDO URDG MXQFWLRQV DQG
WKHVH568¶VZRUN DVGDWD VLQNV IRU WKHYHKLFOHV LQ WKHLU WUDQVPLVVLRQ UDQJH :KHQHYHU DQRGH HQWHUVZLWKLQ WKH
FRPPXQLFDWLRQUDQJHRID568 LWEHJLQV WKHSURFHVVRIGDWD WUDQVIHUE\EURDGFDVWLQJSDFNHWVXVLQJ&RQVWDQW%LW
5DWH&%5EDVHGPHFKDQLVP
7KHQRGHV UHFHLYLQJ WKHVHSDFNHWV WKHQJHQHUDWH WKH DFWLYLW\ LQIRUPDWLRQ IRU WKDW QRGHE\XVLQJ WKH HQWULHV LQ
DFWLYLW\WDEOH7KLVLVGRQHE\YDOLGDWLQJZKHWKHUDQ\SUHYLRXVHQWU\LVDOUHDG\VWRUHGIRUWKDWQRGH,IQRSULRUHQWU\
LVWKHUHLQWKHDFWLYLW\WDEOHWKHQDQHZHQWU\LVFUHDWHGFRUUHVSRQGLQJWRWKDWQRGHDQGLWVDSSUR[LPDWHHQGWLPHIRU
OHDYLQJWKDWSDUWLFXODUODQHLVDOVRFRPSXWHGDQGVWRUHGLQWKHWDEOH7KHDFWLYLW\WDEOHLVUHIUHVKHGSHULRGLFDOO\E\
UHPRYLQJHQWULHVIRUYHKLFOHVZKRKDYHOHIWDSDUWLFXODUODQHRUDUHZLWKLQWUDQVPLVVLRQUDQJHRIVRPHRWKHU568

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6LPXODWLRQDQG5HVXOWV
5.1. Simulation Environment and Tools used 
7KH SURSRVHGZRUN LV VLPXODWHG XVLQJ QHWZRUN VLPXODWRU16ZKLFKPDNH XVH RIPRELOLW\ DQG DFWLYLW\ ILOH
JHQHUDWHGE\68029HKLFOHPRELOLW\LVVLPXODWHGXVLQJPLFURVFRSLFWUDIILFVLPXODWRU68027KHWUDIILFVLPXODWRU
SUHVHQWVURDGQHWZRUNRIXUEDQVFHQDULRRI&KDQGLJDUKFLW\DVUHSUHVHQWLQ)LJXUHD7KHVLPXODWLRQLVGRQHZLWK
VDPH W\SH RI YHKLFOHV ZKLFK HQWHU WKH &KDQGLJDUK FLW\ IURP GLIIHUHQW HQWU\ SRLQWV DQG GHOLYHU WKHLU SDFNHW
WUDQVPLVVLRQWR568QHDUWKHWUDIILFOLJKWMXQFWLRQV7KHPRYHPHQWRIYHKLFOHVQHDUWKHMXQFWLRQLVUHSUHVHQWHGLQ
)LJXUHE,QVWHDGRIVLPXODWLQJFRPSOHWHXUEDQVFHQDULRRI&KDQGLJDUKRQO\WKRVHURDGMXQFWLRQVDUHVLPXODWHG
ZKHUH WKH GHJUHH RI WUDIILF LV PRUH 7KH YDULRXV SDUDPHWHUV XVHG IRU VLPXODWLRQ LQ WKH SURSRVHG ZRUN DUH
VXPPDUL]HGLQWKH7DEOH
7DEOH6LPXODWLRQ3DUDPHWHUV
3DUDPHWHU 9DOXH
1XPEHURI9HKLFOHV 
1XPEHURI/DQHV 
7\SHRI7ULS 5DQGRP
$FFHOHUDWLRQ5DWH PV
'HFHOHUDWLRQ5DWH PV
/HQJWKRI9HKLFOH P
6LPXODWLRQ7LPH  V
0D[6SHHG PV
5RXWLQJ3URWRFRO '6'92/65
0$&3URWRFRO S
7UDQVPLVVLRQ5DQJH P




)LJD0DSRI&KDQGLJDUKFLW\LQ6802E9HKLFOHVPRYHPHQWLQ6802HQYLURQPHQW
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5.2. Results 
7RHYDOXDWHWKHSHUIRUPDQFHRI'\QDPLF9HKLFOH2QWRORJ\EDVHG5RXWLQJ'925ZKLFKLVGHYHORSHGE\XVLQJ
DFWLYLW\ ILOH IROORZLQJ WKUHH SHUIRUPDQFH PHWULF KDYH EHHQ XVHG DQG FRPSDUHG ZLWK 'HVWLQDWLRQ6HTXHQFHG
'LVWDQFH9HFWRU'6'9DQG2SWLPL]HG/LQN6WDWH5RXWLQJ2/65

3DFNHW'HOLYHU\5DWLR,WLVGHILQHGDVWKHUDWLRRIQXPEHURIGDWDSDFNHWVUHFHLYHGE\WDUJHWVXFFHVVIXOO\WRWKH
WRWDO QXPEHU RI SDFNHWVZKLFK DUH VHQW E\ VHQGHU )LJXUH  VKRZV FRPSDULVRQ EHWZHHQ SDFNHW GHOLYHU\ UDWLR RI
'925 2/65 DQG '6'9 7KH UHVXOW VKRZV WKDW '925 SURWRFRO KHOSV LQ LPSURYLQJ SDFNHW GHOLYHU\ UDWLR DV
FRPSDUHGWR2/65DQG'6'9SURWRFROEHFDXVHWKHVHSURWRFROVDUHQRWXVLQJDQ\DFWLYLW\ILOH7KHSDFNHWGHOLYHU\
UDWLRRI'925JRHVLQFUHDVLQJZLWKUHVSHFWWRWLPH

0HDQ'HOD\,WLVGHILQHGDVWKHDYHUDJHWLPHWKDWLVEHLQJWDNHQE\GDWDSDFNHWVWRDUULYHDWWDUJHWIURPVRXUFH
0HDQGHOD\EDVLFDOO\FDXVHGE\ URXWHGLVFRYHU\DQGGDWDTXHXHSURFHVV LQGDWD WUDQVPLVVLRQ)LJXUH UHSUHVHQWV
FRPSDULVRQEHWZHHQPHDQGHOD\RI'9252/65DQG'6'97KHUHVXOWVKRZVWKDW'925SURWRFRO
VPHDQGHOD\
DOZD\V OHVV WKDQ RWKHU SURWRFRO DQG DOZD\V UHPDLQ FRQVLVWHQWZLWK UHVSHFW WR YDULRXV VLPXODWLRQ WLPH%XWPHDQ
GHOD\RIRWKHUSURWRFROFKDQJHVGLIIHUHQWO\ZLWKUHVSHFWWRYDULRXVVLPXODWLRQWLPHDQGLWVYDOXHLVPRUHWKDQ'925

7ULS'XUDWLRQ,WLVWKHWRWDODPRXQWRIWLPHZKLFKLVWDNHQE\WKHYHKLFOHWRUHDFKIURPVRXUFHWRGHVWLQDWLRQ
7KHWULSGXUDWLRQRIYDULRXVYHKLFOHVZLWKVSHFLILFLGHQWLW\LVUHSUHVHQWHGLQ)LJXUH,WLVFOHDUIURPWKHUHVXOWWKDW
WULSGXUDWLRQLQSURSRVHGZRUNLV OHVVDVFRPSDUHGWR WUDGLWLRQDOV\VWHP6R LWPLQLPL]HVZDLWLQJWLPHDQGKHQFH
UHGXFHVSROOXWLRQDQGIXHOFRQVXPSWLRQ




)LJ3DFNHW'HOLYHU\5DWLR

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

)LJ0HDQ'HOD\



)LJ7ULS'XUDWLRQRI9HKLFOHV

&RQFOXVLRQ
7KLVSDSHUKDVGHILQHGG\QDPLFYHKLFOHRQWRORJ\EDVHGURXWLQJ7KHSURSRVHGZRUNDLPV WRILQGVKRUWHVWSDWK
URXWLQJZLWKPLQLPXPPHDQGHOD\KLJKSDFNHWGHOLYHU\UDWLRDQGUHGXFHGZDLWLQJWLPHIRUYHKLFOHVDWWUDIILFMDPV
7KHV\VWHPLVFRPSDUHGZLWKGLIIHUHQWNLQGRIURXWLQJSURWRFROZLWKVDPHVLPXODWLRQSDUDPHWHUV7KHUHVXOWVKRZV
WKDWWKLVDSSURDFKLVYHU\HIIHFWLYHDVFRPSDUHGWRRWKHU$GKRFSURWRFROV7KHSURSRVHGWHFKQLTXHLVWHVWHGZLWKRXW
FRQVLGHULQJDQ\W\SHRIDWWDFNV,QIXWXUHVLPXODWLRQRIGLIIHUHQWVHWRIDWWDFNVDQGWKHLUYDULDWLRQVFDQEHFRQVLGHUHG
LQRUGHUWRFKHFNWKHH[LVWHQFHRIWKHSURSRVHGVFKHPH,WPD\DOVREHXVHGIRUFKHFNLQJDQ\PDOLFLRXVQRGHVLQWKH
LQWUXVLRQGHWHFWLRQV\VWHPPHFKDQLVP7KHIXWXUHZRUNPD\DOVRIRFXVRQ,QWUXVLRQGHWHFWLRQV\VWHP
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5HIHUHQFHV
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